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ղઆɹɹ
ڽूɾ෼ղաఔʹ͓͚Δ෦෼ڽूɹɹ
େ݄ढ़໵ɼ᮫ࢁ৴
ʢԣ඿ࢢཱେֶੜ໋φϊγεςϜՊֶݚڀՊʣ
ࢁຊ༸
ʢ๺ཬେֶҰൠڭҭ෦ʣ
ɹ
1 ͸͡Ίʹ
༷ʑͳඍཻࢠ͕دΓू·ͬͯΑΓେ͖ͳू߹ମΛܗ੒͢Δڽूݱ৅͸, ෺࣭Պֶ
ͷΈͳΒͣࣾձɾܦࡁՊֶʹ͓͍ͯ΋෯޿͘؍ଌ͞ΕΔ. ୅දྫͱͯ͠͸ίϩΠυ
ܥʹ͓͚ΔΫϥελʔͷڽू΍ΤʔδΣϯτʢձࣾʣͷ߹ମͳͲ͕ڍ͛ΒΕΔ. ڽ
ूͷΈ͕ੜ͍ͯ͡Δ৔߹, ࠷ऴతʹશͯͷཻࢠ͕ू߹ͨ͠ڊେΫϥελʔ͕ग़ݱ͢
Δ.ɹࣾձɾܦࡁݱ৅ͷจ຺Ͱ͸, ̍ͭͷΤʔδΣϯτʢձࣾʣ͕શͯͷࢿ࢈Λಠ
઎͢ΔಠΓউͪঢ়ଶͱͳΔ. Ұํ, ڽूͱಉ࣌ʹ෼ղ΋ى͍ͬͯ͜Δ৔߹͸ڽूͱ
෼ղ͕௼Γ߹ͬͨఆৗঢ়ଶ͕ଘࡏ͠, ͦ͜Ͱ͸ΫϥελʔαΠζ͸Ұఆͷ෼෍ʹै
͏ͱߟ͑ΒΕΔ. ͲͷΑ͏ͳ৚݅ͷ΋ͱͰͲͷΑ͏ͳ෼෍͕ग़ݱ͢Δ͔໌Β͔ʹ͢
Δ͜ͱ͸, ڽूɾ෼ղաఔΛཧ࿦తʹݚڀ͢Δࡍͷத৺తͳ՝୊ͱͳΔ. ڽूաఔ
͸௕ظؒਫ਼ྗతͳݚڀ͕ߦΘΕ, ཧ࿦తʹ΋ଟ͘ͷ੒Ռ͕ಘΒΕ͍ͯΔ [1,2]. ͦΕ
ʹൺ΂ͯڽूͱ෼ղ͕ڞଘ͍ͯ͠Δܥʹ͍ͭͯ͸ղੳ͕ਐΜͰ͓Βͣ, ఆৗ෼෍ʹ
͍ͭͯ΋͋·Γ஌ΒΕ͍ͯͳ͍. ۙ೥, զʑͷάϧʔϓͰ͸෼ղաఔʹ֤छͷ৚݅
͕෇͍͍ͯΔ৔߹ͷڽूɾ෼ղաఔͷཧ࿦తɾ਺஋తղੳΛߦ͍, Ұఆͷ৚݅ԼͰ
ʮ෦෼ڽूʯͱ໊෇͚ΒΕͨݱ৅͕ى͜Δ͜ͱΛ໌Β͔ʹͨ͠ [3-6]. ෦෼ڽूͯ͠
͍Δ৔߹, ఆৗঢ়ଶͰڊେΫϥελʔ͕ϕΩ෼෍ʹै͏Ϋϥελʔͱڞଘ͢Δͱ͍
͏, ۃΊͯಛ௃తͳڍಈΛࣔ͢. ͜ͷΑ͏ͳঢ়ଶʹ͍ͭͯ͸, ࠓ·Ͱ΄ͱΜͲ஌Β
Ε͍ͯͳ͔ͬͨ. ͜ͷใࠂͰ͸, ෦෼ڽूݱ৅Λத৺ʹ, ڽूɾ෼ղաఔͷಈతڍಈ
ʹ͍ͭͯղઆ͢Δ.
࣍અͰ͸, αΠζ̍ͷΫϥελʔʢϞϊϚʔʣͷΈ͕͚ܽΔνοϐϯά͕ڽूͱ
ڞʹى͜Δڽूɾνοϐϯάաఔʹ͍ͭͯௐ΂Δ. ͜͜Ͱॏཁͳ͜ͱ͸ɺجૅํఔ
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͕ࣜղੳతʹղ͚ΔͨΊ, ෦෼ڽूͷجຊతͳੑ࣭ʹ͍ͭͯݫີͳٞ࿦͕Ͱ͖Δ͜
ͱʹ͋Δ. ̏અͰ͸, νοϐϯάΛ֦ு͠, αΠζ͕༗ݶͷΫϥελʔ͕͚ܽΔ֦
ு͞Εͨڽूɾνοϐϯάաఔʹ͍ͭͯݚڀ͢Δ. ̐અͰ͸, ෼ղͯ͠ੜ੒͞ΕΔ
ΫϥελʔͷαΠζʹ͸༗ݶͷ্ݶ͸ͳ͍͕, ϕΩͷॏΈ͕෇͍͍ͯΔڽूɾॏΈ
෇͖෼ղաఔʹ͍ͭͯௐ΂Δ. ͜ͷΑ͏ͳաఔ͸ࣗવքʹ෯޿͘ଘࡏ͢Δͱߟ͑Β
Ε, ͜͜Ͱͷ݁Ռ͸Ԡ༻্ॏཁͰ͋Δͱظ଴͞ΕΔ. ࠷ޙʹ̑અͰಘΒΕͨ݁ՌΛ
·ͱΊ, ٞ࿦͢Δ.
2 ڽूɾνοϐϯάաఔ
ຊઅͰ͸࣍ͷΑ͏ͳϓϩηεΛߟ͑Δ [3]. ܥ͸N ݸͷΫϥελʔͱM ݸͷϞϊ
Ϛʔ͔Βߏ੒͞ΕΔ. ॳظঢ়ଶͰ֤Ϋϥελʔ͸͋Δॳظ෼෍ʹै͏਺ͷϞϊϚʔ
ΛؚΉ. ΫϥελʔαΠζͷ࣌ؒൃల͸̎ͭͷجຊաఔͰҾ͖ى͜͞ΕΔ. ʢ̍ʣ
ڽूաఔɿϥϯμϜʹબ͹ΕͨαΠζX ͱ Y ͷ̎ͭͷΫϥελʔ͕߹ମ͠, αΠ
ζX + Y ͷ̍ͭͷΫϥελʔΛܗ੒͢Δ, AX +AY → AX+Y . ʢ̎ʣνοϐϯά
աఔɿϥϯμϜʹબ͹ΕͨαΠζ Z(≥ 2)ͷΫϥελʔ͕͚ܽ, αΠζ Z − 1ͱ 1
ͷ̎ͭͷΫϥελʔʹ෼ղ͞ΕΔ, AZ → AZ−1 +A1. ڽूաఔͱνοϐϯάաఔ
͸ৗʹ̍ରͷηοτͱͯ͠ൃੜ͢Δ. ͦͷͨΊܥͷશΫϥελʔ਺N ͸M ͱڞʹ
อଘ͞ΕΔ. ຊݚڀͰ͸ϞϊϚʔ͸େ͖͞Λ࣋ͨͳ͍࣭఺ͱΈͳ͢. Ϋϥελʔͷ
ۭؒߏ଄͸ߟྀͤͣ, ΫϥελʔαΠζʢ֤Ϋϥελʔʹؚ·ΕΔϞϊϚʔ਺ʣͷ
Έʹண໨͢Δ. ͜ͷΑ͏ͳ৔߹, ఆৗঢ়ଶͰͷΫϥελʔαΠζͷ෼෍ؔ਺ P (X)
ΛܾΊΔجૅํఔࣜ͸, ࣍ͷΑ͏ͳ SmoluchowskiํఔࣜͰ༩͑ΒΕΔ.
(1− P (1))(1− P (1)) + P (2)
1− P (1) = (P (1))
2 (X = 1), (2-1)
∑
i+j=X
P (i)P (j) +
P (X + 1)
1− P (1) = 2P (X) +
P (X)
1− P (1) (X ≥ 2). (2-2)
͜͜Ͱࣜ (2-1), (2-2)ͷࠨล͸Ϋϥελʔͷੜ੒, ӈล͸ফ໓Λࣔ͠, Smoluchowski
ํఔࣜ͸ੜ੒ͱফ໓͕௼Γ߹ͬͯఆৗঢ়ଶʹͳΔ͜ͱΛද͢. ͜ͷํఔࣜΛ͉ม׵
ͷख๏Λ༻͍ͯղੳ͢Δ. ෼෍ؔ਺ P (X)ͷ͉ม׵ ϕ(z)͸
ϕ(z) =
∞∑
X=0
P (X)z−X (2-3)
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ਤ 2-1: P (1)ͷ−ϕ′(1)ґଘੑ [3].
Ͱఆٛ͞ΕΔ. ͨͩ͠, P (0) = 0ͱ͢Δ. ࣜ (2-3)Λ༻͍ͯࣜ (2-1), (2-2)Λॻ͖׵
͑Δͱ,
{1− P (1)}ϕ2(z) + {z − 3 + 2P (1)}ϕ(z)− P (1) + 1
z
= 0 (2-4)
ͱͳΔ. ࣜ (2-4)Λ zͰඍ෼͢Δ. ̍ճඍ෼ͯ͠ z = 1Λ୅ೖ͢Δͱ, ن֨Խͷ৚݅
ϕ(1) = 1ΑΓ߃౳͕ࣜಘΒΕΔ. ΋͏̍ճඍ෼ͯ͠ z = 1Λ୅ೖ͢Δͱ, ͕࣍ࣜಘ
ΒΕΔ.
{1− P (1)}ϕ′(1)2 + ϕ′(1) + 1 = 0. (2-5)
͜͜Ͱ −ϕ′(1) = ∑XP (X) = ⟨X⟩ = M/N ͸ฏۉΫϥελʔαΠζͱͳΓ, લ
ʹड़΂ͨΑ͏ʹϞϊϚʔ਺M , Ϋϥελʔ਺N ڞʹอଘ͞ΕΔͨΊ, −ϕ′(1)΋อ
ଘྔͱͳΔ. ͦ͜Ͱ͜͜Ͱ͸ฏۉΫϥελʔαΠζ͸, ܥͷಛ௃Λهड़͢Δίϯτ
ϩʔϧύϥϝʔλʔͱͳΔ. −ϕ′(1)͕༩͑ΒΕΔͱ, ࣜ (2-5)ΑΓ P (1)͕ܾ·Δ.
ਤ 2-1ʹ P (1)Λ−ϕ′(1)ͷؔ਺ͱͯࣔ͢͠. ͨͩ͠, ฏۉΫϥελʔαΠζ͸ඞͣ
̍ΑΓେ͖͘ͳΔͨΊ, −ϕ′(1)ͷఆٛҬ͸−ϕ′(1) > 1Ͱ༩͑ΒΕΔ.
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ਤ 2-2: ෼෍ؔ਺ P (X)ͷ P (1)ґଘੑ. (a) P (1) = 0.76, (b) P (1) = 0.751, (c)
P (1) = 0.7501, (d) P (1) = 0.75001, (e) P (1) = 0.75 [3].
࠷ॳʹ−ϕ′ = 2Ͱࣜ (2-5)͕ॏࠜP (1) = 3/4Λ࣋ͭ৔߹ʹ͍ͭͯߟ͑Δ. P (1) =
3/4Λࣜ (2-4)ʹ୅ೖ͢Δͱ
ϕ(z) = 3− 2z ± 2z(1− 1
z
)
3
2 (2-6)
͕ಘΒΕ, z ∼ 1ۙ๣ͷಛҟੑ͸
ϕ(z)|z∼1 ∼ 1± 2(1− 1
z
)
3
2 (2-7)
Ͱ༩͑ΒΕΔ. ͜ΕΑΓ෼෍ؔ਺ͷX →∞Ͱͷ઴ۙڍಈ͸܏͖−5/2ͷϕΩ෼෍
P (X) ∼ 3
4
1
Xα
, α =
5
2
(2-8)
ͱͳΔ͜ͱ͕ಋ͔ΕΔ.
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࣍ʹ, 2 > −ϕ′(1) > 1ʢਤ 2-1ͷྖҬ̖ʣͰͷղΛٻΊΔ. ͜ͷͱ͖ P (1)͸
1 > P (1) > 3/4ͱͳΔ. P (1)͕ܾ·Δͱ P (X), (X ≥ 2)͸઴Խࣜ (2-2)ΑΓ, ஞ
࣍, ༩͑ΒΕΔ. ͜ͷΑ͏ʹͯ͠਺஋తʹٻΊͨ෼෍ؔ਺Λਤ 2-2ʹࣔ͢. ਤΑΓ
͜ͷྖҬͰͷ P (X)ͷڍಈ͸, ϕ′ = 2, P (1) = 3/4Λྟք఺ͱ͢Δྟքڍಈʹඇৗ
ʹΑ͘ࣅ͍ͯΔ͜ͱ͕Θ͔Δ. ͜ͷ͜ͱΛղੳతʹٞ࿦͢ΔͨΊ, P (1) = 34 + ϵͱ
ஔ͖, ٯ͉ม׵
P (X) =
1
2πi
�
zX−1ϕ(z)dz
=
1
2πi
�
zX−1(z − 1)
√
1− 1− 4ϵ
z
(2-9)
ͷۃݶ ϵ→ 0ͰͷڍಈΛௐ΂Δ. ࣜ (2-9)ͷ࠷΋ಛҟͳ߲͸࣍ࣜͰධՁͰ͖Δ.
P (X) ∼ 1
2πi
�
eX{(z−1)−
(z−1)2
2
+···}(z − 1)√z − 1 + 4ϵdz
∼ 1
2πi
�
eXϵηϵη
√
ϵη + 4ϵ · ϵdη ∼ X− 52Ψ(ϵX). (2-10)
͜͜ͰεέʔϦϯάؔ਺Ψ(Y )͸
Ψ(Y ) =
(Y )
5
2
2πi
�
eηY η
√
η + 4dη (2-11)
Ͱ༩͑ΒΕΔ. ͜ΕΑΓ௨ৗͷεέʔϦϯάؔ܎͕ࣜ੒ཱ͢Δ͜ͱ͕໌Β͔ʹ
ͳͬͨ.
࠷ޙʹྖҬ ⟨X⟩ = −ϕ′(1) > 2Ͱͷ෼෍ʹ͍ͭͯௐ΂Δ. ਤ2-3ʹN = 100000, ⟨X⟩ =
−ϕ′ = 202Ͱͷ෼෍ؔ਺ͷγϛϡϨʔγϣϯ݁ՌΛࣔ͢. ਤΑΓ܏͖−5/2ͷϕΩ
෼෍ͱڊେΫϥελʔ͕ڞଘ͍ͯ͠Δ͜ͱ͕Θ͔Δ. ϕΩ෼෍ͷฏۉΫϥελʔα
Πζ ⟨X⟩͸ 2Ͱ͋ΔͨΊ, ϕΩ෼෍ʹ͸ 2N ݸͷϞϊϚʔؚ͕·ΕΔ. ैͬͯ, ڊ
େΫϥελʔͷαΠζ͸ (⟨X⟩ − 2)N = 200N ͱͳΔ. զʑ͸͜ͷΑ͏ͳϚΫϩͳ
ΦʔμʔO(N)ͷΫϥελʔ͕ϕΩ෼෍ͱڞଘ͍ͯ͠Δঢ়ଶΛ, ʮ෦෼ڽूʯͱ໊
෇͚Δ. ͞Βʹ ⟨X⟩ = −ϕ′(1)Λ 3͔Β 10002·ͰมԽͤͯ͞γϛϡϨʔγϣϯΛ
ߦ͍, શͯʹ͓͍ͯਤ 2-3ͱಉ༷ʹ෦෼ڽूঢ়ଶ͕࣮ݱ͍ͯ͠Δ͜ͱΛ֬ೝͨ͠.
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ਤ 2-3: N = 100000, ⟨X⟩ = −ϕ′ = 202Ͱͷ෼෍ؔ਺ [3].
3 ڽूɾ֦ுνοϐϯάաఔ
લઅͰ͸αΠζ 1ͷΫϥελʔͷΈ͕͚ܽͯੜ੒͞ΕΔ 1-νοϐϯάաఔΛऔ
Γѻ͕ͬͨ, ຊઅͰ͸ͦΕΛ֦ு͠, αΠζ LҎԼͷΫϥελʔͷΈ͕ੜ੒͞ΕΔ
৔߹AZ → AZ−n +An (L ≥ n ≥ 1)Λߟ͑Δ [5]. ·ͣ࠷ॳʹ L = 2ͷ 2-νοϐϯ
άաఔΛղੳ͢Δ. ͜͜Ͱ͸Ϋϥελʔͷੜ੒ɾফ໓Λද͢ Smoluchowskiํఔࣜ
͸࣍ࣜͰ༩͑ΒΕΔ.
(
1
2
+
P (2)
2(1− P (1))
)
+
P (2)
1− P (1) +
P (3)
2(1− P (1))
= 2P (1)(1− P (1)) + 2P (1)2 (X = 1), (3-1)
(
1
2
− P (2)
2(1− P (1))
)
+ P (1)2 +
P (3)
2(1− P (1)) +
P (4)
2(1− P (1))
= 2P (2)(1− P (2)) + 2P (2)2 + P (2)
1− P (1) (X = 2), (3-2)
∑
i+j=X
P (i)P (j) +
P (X + 1)
2(1− P (1)) +
P (X + 2)
2(1− P (1))
= P (X)(2 +
1
1− P (1)) (X ≥ 3). (3-3)
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લͱಉ༷ʹ্ࣜʹ͉ม׵Λద༻͢Δͱ, ͕࣍ࣜಘΒΕΔ.
ϕ(z)2 + ϕ(z)
{
1
2(1− P (1))(z
2 + z)−
(
2 +
1
1− P (1)
)}
− z
2(1− P (1))P (1)−
1
2(1− P (1))(P (1) + P (2))
+
1
2z
(
1 +
2P (1)
1− P (1) +
2P (2)
1− P (1)
)
+
1
2z2
(
1− P (2)
1− P (1)
)
= 0. (3-4)
͜͜Ͱ͸αΠζ 2ͷΫϥελʔ͕ੜ੒͞ΕΔ͜ͱΛ൓өͯ͠, z±2ͷ߲͕ݱΕΔ. ࣜ
(3-4)Λ̎ճඍ෼ͯ͠ z = 1Λ୅ೖ͢Δͱ
2(1− P (1))ϕ′(1)2 + 3ϕ′(1) + 5− 2P (1)− 2P (2) = 0 (3-5)
ͱͳΔ. લͱಉ༷, Ϋϥελʔ෼෍͕ϕΩ෼෍ͱͳΔྟքঢ়ଶͰ͸, ࣜ (3-5)͸ॏࠜ
Λ࣋ͭͱߟ͑ΒΕΔ. ͜ͷ৚݅ΑΓ P (2)͓ΑͼฏۉΫϥελʔαΠζͷྟք஋͕
ٻ·Δ.
P (2) =
1
8(1− P (1))(31 + 16P (1)
2 − 56P (1)), (3-6)
−ϕ′c = ⟨X⟩c =
3
4(1− P (1)) . (3-7)
ͨͩ͠, 1-νοϐϯάաఔͷ৔߹ͱҟͳΓ, P (1)ͷྟք஋͸ղੳతʹ͸ܾ·Βͳ͍.
ͦ͜Ͱ, ઴Խࣜ (3-1)-(3-3)ͷ਺஋ղΑΓܭࢉ͠, P (1) = 0.6769Λಘͨ. P (1)͕
ܾ·Δͱ, −ϕ′c΍ P (X), (X ≥ 2)͸ஞ࣍తʹ࣍ͷΑ͏ʹٻ·Δ. −ϕ′c = 2.32126,
P (2) = 0.1643, P (3) = 0.0588, · · ·. ͜ΕΒͷ஋͸γϛϡϨʔγϣϯͷ݁Ռ P (1) =
0.67732, P (2) = 0.16378, P (3) = 0.05883 ͱྑ͘Ұக͢Δ. ·ͨྟքঢ়ଶͰ͸, ࣜ
(3-4)͸࣍ͷΑ͏ͳղΛ࣋ͭ.
ϕ(z) = ϕregular(z)± 1
4(1− P (1))
√
g(z)(1− 1
z
)3, (3-8)
g(z) = z4 + 5z3 + (8P (1) + 1)z2 − (8P (1)2 − 40P (1) + 23)z. (3-9)
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ਤ 3-1: ྟք఺Ͱͷ̎ʵνοϐϯάաఔͷ෼෍ؔ਺. (N = 1000000, ⟨X⟩ = 2.33) [5]
z = 1ۙ๣Ͱͷࣜ (3-8)ͷಛҟੑ͸
ϕ(z)|z∼1 ∼ ϕregular(1)
± 1
4(1− P (1))
√
−8P (1)2 + 48P (1)− 16
(
1− 1
z
) 3
2
(3-10)
ͰදΘ͞ΕΔ. P (1) = 0.6769Λ୅ೖ͢Δͱ
ϕ(z)|z∼1 ∼ ϕregular(1)± 2.771039
(
1− 1
z
) 3
2
(3-11)
ͱͳΔ. ͜ΕΛ 1-νοϐϯάաఔͷ݁Ռ, ࣜ (2-7)͓Αͼ (2-8), ͱൺ΂Δͱ, 2-νο
ϐϯάաఔͷྟքঢ়ଶ −ϕ′c = 2.32126Ͱ͸ΫϥελʔαΠζ෼෍͸઴ۙతʹϕΩ
෼෍
P (X) ∼ 1.038
Xα
, α =
5
2
(3-12)
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ਤ 3-2: ྟք఺ΑΓԼʢࠨʣ͓Αͼ্ʢ⟨X⟩ = 102, ӈʣͰͷ̎ʵνοϐϯάաఔͷ
෼෍ؔ਺ [5].
ʹै͏͜ͱ͕ಋ͔ΕΔ. ਤ 3-1ʹྟքঢ়ଶͰͷ 2-νοϐϯάաఔͷγϛϡϨʔγϣ
ϯ݁ՌΛࣔ͢. ϕΩ෼෍ 1.038X−2.5ʹΑ͘৐͍ͬͯΔ͜ͱ͕֬ೝ͞ΕΔ. ྟք఺
ΑΓԼ ⟨X⟩ < 2.33͓Αͼ্ ⟨X⟩ > 2.33Ͱͷܭࢉ݁ՌΛਤ 3-2ʹࣔ͢. 1-νοϐ
ϯάաఔͱಉ༷, ྟք఺ΑΓԼͰ͸εέʔϦϯάڍಈ͕, ্Ͱ͸෦෼ڽू͕؍ଌ͞
ΕΔ. L > 2ͷ֦ுνοϐϯάաఔ΋ 2-νοϐϯάաఔͱಉ͡ৼΔ෣͍ΛݟͤΔ.
ਤ 3-3ʹ 10-νοϐϯά͓Αͼ 100-νοϐϯάաఔͷྟք఺Ͱͷ෼෍ؔ਺ͷγϛϡ
Ϩʵγϣϯ݁ՌΛࣔ͢. X > LͷൣғͰ͸઴ۙతʹ܏͖−5/2ͷϕΩ෼෍ʹै͏͜
ͱ͕෼͔Δ. ྟք఺ ⟨X⟩cͷ Lґଘੑͷܭࢉ݁ՌΛਤ 3-4ʹࡌͤΔ. ⟨X⟩c͸΄΅ L
ʹൺྫͯ͠૿Ճ͢Δ. 10-νοϐϯά͓Αͼ 100-νοϐϯάաఔͷྟք఺ΑΓ্Ͱ
ͷ෼෍ؔ਺ͷγϛϡϨʵγϣϯ݁ՌΛਤ 3-5ʹࣔ͢. ֦ு͞ΕͨνοϐϯάաఔͰ
΋෦෼ڽू͕ى͜Δ͜ͱ͕֬ೝͰ͖Δ.
࣍ʹνοϐϯάաఔ͕ීวతʹྟքঢ়ଶͰϕΩ෼෍ʹै͏͜ͱΛ, ղੳతʹಋग़
͢Δ. ҰൠʹڽूɾνοϐϯάաఔΛද͢جૅʢSmoluchowskiʣํఔࣜ͸ zม׵͢
Δͱ
ϕ(z)2 + a(z)ϕ(z) + b(z) = 0, (3-13)
ͷܗͰද͞ΕΔ. ࣜ (3-4)ʹࣔ͢Α͏ʹ, 2-νοϐϯάաఔͰ͸a(z), b(z)ʹ͸zk (2 ≥
k ≥ −2)ͷ߲͕ݱΕΔ. ·ͨ, ֦ு͞Εͨ L−νοϐϯάաఔͰ͸ zͷ±L࣍ͷ߲
͔Βߏ੒͞ΕΔ. ͜͜Ͱॏཁͳ͜ͱ͸, L͕༗ݶͰνοϐϯάͰੜ੒͞ΕΔΫϥε
λʔͷαΠζʹ্ݶ͕͋Δ৔߹, a(z), b(z)͸༗ݶ࣍਺ͷଟ߲ࣜʹͳΔ͜ͱͰ͋Δ.
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ਤ 3-3: 10-νοϐϯάʢ⟨X⟩ = 5.1, ࠨʣ͓Αͼ 100-νοϐϯάʢ⟨X⟩ = 32.0, ӈʣ
աఔͷྟք఺Ͱͷ෼෍ؔ਺ [5].
ͦͷ݁Ռ, a(z), b(z)͸ z ∼ 1ۙ๣Ͱ͸ಛҟੑ͸࣋ͨͳ͍. Ұํ, ࣜ (3-13)ͷղ͸
ϕ(z) =
1
2
{
−a(z)±
√
D(z)
}
, (3-14)
D(z) = a(z)2 − 4b(z) (3-15)
Ͱ༩͑ΒΕΔ. ن֨Խ৚݅ ϕ(1) = 1ΑΓ z = 1Ͱࣜ (3-14)͸ॏࠜͱͳΔ. ैͬͯ,
D(1) = 0ͱͳΓ, D(z)͸࣍ࣜͰද͞ΕΔ.
D(z) = (z − 1)mg(z), g(1) ̸= 0. (3-16)
͜͜Ͱ, m͸ࣗવ਺ͱͳΔ. ͞Βʹٞ࿦ΛਐΊΔͨΊʹ, อଘଇʹ͍ͭͯߟ͑Δ. લ
ʹ΋ड़΂ͨΑ͏ʹ,ຊݚڀͰऔΓѻ͏ܥͰ͸શϞϊϚʔ਺ͱશΫϥελʔ਺͕อଘ͢
ΔͨΊ,ฏۉΫϥελʔαΠζ΋อଘ͢Δ. ͦͷͨΊ̍࣍ͷϞʔϝϯτ∑XP (X) =
−ϕ′(1)͸ऩଋͯ͠Ұఆͷ஋Λ͕࣋ͭ,̎࣍ͷϞʔϝϯτ∑X2P (X) = ϕ′′(1)+ϕ′(1)
͸ൃࢄ͢Δ. ͜͜Ͱ͸͜ΕΒΛҰൠԽͯ͠, ϕ(n−1)(1)͸ऩଋ͢Δ͕, ϕ(n)(1)͸ൃࢄ
͢Δ৔߹Λௐ΂Δ. ࣜ (3-14)Λ kճඍ෼͢Δͱ
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ਤ 3-4: ྟքΫϥελʔαΠζ ⟨X⟩cͷ Lґଘੑ [5].
ϕ(k)(z) =
1
2
{
−a(k)(z)± d
k
dzk
√
D(z)
}
(3-17)
͕ಘΒΕΔ. a(z)͸ z ∼ 1ۙ๣Ͱ͸ಛҟੑ͸࣋ͨͳ͍ͨΊ, ϕ(k)(z)ͷಛҟੑ͸√
D(z)ͷ߲ͷΈ͔Βੜ͡,
g(z) · d
k
dzk
(z − 1)m2 |z∼1 ≃ B · (z − 1)m2 −k (3-18)
Ͱ༩͑ΒΕΔ. ࣜ (3-18)͕ k = n− 1Ͱऩଋ͢Δͱ͢Δͱ
m
2
− (n− 1) ≥ 0, m ≥ 2n− 2 (3-19)
͕੒ཱ͢Δ. ϕ(n−1)(1)͕ॏࠜͱͳΔ৚݅ m2 − (n− 1) ̸= 0ͱ߹Θͤͯ
m > 2n− 2 (3-20)
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ਤ 3-5: 10-νοϐϯάʢ⟨X⟩ = 105, ࠨʣ͓Αͼ 100-νοϐϯάʢ⟨X⟩ = 103, ӈʣ
աఔͷྟք఺ΑΓ্Ͱͷ෼෍ؔ਺ [5].
ͱͳΔ. Ұํ, ϕ(n)(1)ͷൃࢄ৚݅ΑΓ
m
2
− n < 0, m < 2n (3-21)
͕ಘΒΕΔ. ࣜ (3-20)͓Αͼ (3-21)ΑΓ
m = 2n− 1 (3-22)
͕ಋ͔ΕΔ. ͜ΕΑΓ ϕ(z)͸
ϕ(z) =
1
2
{
−a(z)±
√
g(z) · (z − 1)2n−1
}
(3-23)
Ͱ༩͑ΒΕ, ΫϥελʔαΠζ෼෍ͷ઴ۙڍಈ͸܏͖ αͷϕΩ෼෍
P (X) ∼ 1
Xα
, α =
2n+ 1
2
(3-24)
ͱͳΔ. ͜͜ͰऔΓѻ͍ͬͯΔΑ͏ͳ−ϕ′(1)͕อଘ͢ΔΑ͏ͳϓϩηεͰ͸ n = 2
ͱͳΓ, ܏͖͸ −5/2Ͱ༩͑ΒΕΔ. Ұํ, −ϕ′(1)͕ൃࢄ͢ΔΑ͏ͳܥͰ͸ n = 1
Ͱ, ܏͖͸−3/2ͱͳΔ [7].
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͕ಘΒΕΔ. ࣜ (3-20)͓Αͼ (3-21)ΑΓ
m = 2n− 1 (3-22)
͕ಋ͔ΕΔ. ͜ΕΑΓ ϕ(z)͸
ϕ(z) =
1
2
{
−a(z)±
√
g(z) · (z − 1)2n−1
}
(3-23)
Ͱ༩͑ΒΕ, ΫϥελʔαΠζ෼෍ͷ઴ۙڍಈ͸܏͖ αͷϕΩ෼෍
P (X) ∼ 1
Xα
, α =
2n+ 1
2
(3-24)
ͱͳΔ. ͜͜ͰऔΓѻ͍ͬͯΔΑ͏ͳ−ϕ′(1)͕อଘ͢ΔΑ͏ͳϓϩηεͰ͸ n = 2
ͱͳΓ, ܏͖͸ −5/2Ͱ༩͑ΒΕΔ. Ұํ, −ϕ′(1)͕ൃࢄ͢ΔΑ͏ͳܥͰ͸ n = 1
Ͱ, ܏͖͸−3/2ͱͳΔ [7].
4 ڽूɾॏΈ෇͖෼ղաఔ
લઅ·Ͱ͸෼ղAZ → AZ−n +AnʹΑͬͯੜ੒͞ΕΔΫϥελʔAnͷαΠζ
nʹ্ݶ͕͋Δνοϐϯάաఔʹ͍ͭͯௐ΂͖ͯͨ. ຊઅͰ͸্ݶ͸ఫഇ͠, ୅Θ
Γʹ nͷબ୒͕ϕΩͷॏΈؔ਺
W (n,Z) = wZ · 1
nσ
, (4-1)
wZ = (Σ
Z−1
n=1
1
nσ
)−1 (4-2)
ʹैͬͯߦΘΕΔ৔߹ΛऔΓѻ͏ [6]. ͜͜Ͱ σ͸ॏΈࢦ਺, wZ ͸ن֨ԽҼࢠΛද
͢. ॏΈࢦ਺͕ 0ͷۃݶ σ → 0Ͱ͸, W (n,Z) = 1/(Z − 1)ͱͳΓ, nͷબ୒͸ࣗ
༝ʹߦΘΕΔ. ͜ͷ৔߹, ΫϥελʔαΠζ෼෍͸ࢦ਺ؔ਺Ͱ༩͑ΒΕΔ͜ͱ͕஌
ΒΕ͍ͯΔ [8]. Ұํ, ແݶେͷۃݶ σ → ∞Ͱ͸ n = 1ͷΈ͕બ୒͞Ε, ̎અͰߟ
͑ͨ 1-νοϐϯάաఔʹؼண͢Δ.
ڽूɾॏΈ෇͖෼ղաఔΛهड़͢Δ Smoluchowskiํఔࣜ͸
∞∑
n=2
P (n)
1− P (1) · wn
{
1
(n− 1)σ + 1
}
= 2P (1)2 + 2P (1)(1− P (1)) (X = 1), (4-3)
∑
i+j=X
P (i)P (j) +
∞∑
n=X+1
P (n)
1− P (1) · wn
{
1
(n−X)σ +
1
Xσ
}
=
(
2 +
1
1− P (1)
)
P (X) (X ≥ 2), (4-4)
wn =
(
n−1∑
s=1
1
sσ
)−1
(4-5)
Ͱ༩͑ΒΕΔ. ͜ΕΒΛ zม׵ ϕ(z) =∑∞X=0 P (X)z−X ͢Δͱ, ͕࣍ࣜಘΒΕΔ.
{1− P (1)}ϕ(z)2 +
∞∑
X=1
∞∑
n=X+1
P (n)
zX
wn
{
1
(n−X)σ +
1
Xσ
}
−{3− 2P (1)}ϕ(z) + P (1)
z
= 0. (4-6)
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͜͜Ͱ͸ nͷબ୒ʹ্ݶ͸ͳ͍ͨΊ, ࣜ (4-6)ʹ͸ zͷແݶ࣍਺ͷ߲΋ؚ·ΕΔ. ͦ
ͷͨΊ̏અͰड़΂ͨҰൠ࿦͸੒ཱͤͣ, ผͷΞϓϩʔνΛ༻͍Δ. ࣜ (4-6)Λ̎ճ
ඍ෼͠, z = 1Λ୅ೖ͢Δͱ
{1− P (1)}ϕ′(1)2 +
∞∑
X=1
∞∑
n=X+1
P (n)wn
X(X − n)
Xσ
= {1− P (1)}ϕ′(1)2 + S = 0, (4-7)
S =
∞∑
n=2
P (n)wn
n−1∑
X=1
X(X − n)
Xσ
(4-8)
ͱͳΔ.
࠷ॳʹ, ΫϥελʔαΠζ෼෍ؔ਺ P (n)͕઴ۙతʹϕΩ෼෍
P (n) ∼ 1
nα
(4-9)
ʹै͏ͱԾఆ͠, ࣜ (4-7)ͷ֤߲ͷಛҟੑʢൃࢄͷ౓߹͍ʣΛٞ࿦͢Δ. n͕ॆ෼େ
͖͍ͱ͖,
n∑
X=1
Xσ ∼ 1
σ + 1
n1+σ, (σ > −1)
∼ C1 + 1
σ + 1
n1+σ, (σ < −1) (4-10)
(C1͸ఆ਺)͕੒ཱ͢Δ. ࣜ (4-9), (4-10)Λࣜ (4-8)ʹ୅ೖ͢Δͱ, S͸࣍ͷΑ͏ʹ
ධՁͰ͖Δ.
(0 < σ ≤ 1) S −→∞ when α ≤ 3,
(1 < σ ≤ 2) S −→∞ when α ≤ 4− σ, (4-11)
(2 < σ) S −→∞ when α ≤ 2.
凝集・分解過程における部分凝集
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∞∑
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S =
∞∑
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nα
(4-9)
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͖͍ͱ͖,
n∑
X=1
Xσ ∼ 1
σ + 1
n1+σ, (σ > −1)
∼ C1 + 1
σ + 1
n1+σ, (σ < −1) (4-10)
(C1͸ఆ਺)͕੒ཱ͢Δ. ࣜ (4-9), (4-10)Λࣜ (4-8)ʹ୅ೖ͢Δͱ, S͸࣍ͷΑ͏ʹ
ධՁͰ͖Δ.
(0 < σ ≤ 1) S −→∞ when α ≤ 3,
(1 < σ ≤ 2) S −→∞ when α ≤ 4− σ, (4-11)
(2 < σ) S −→∞ when α ≤ 2.
Ұํ, ࣜ (4-9)ΑΓ
ϕ′ −→∞ when α ≤ 2 (4-12)
͕੒ཱ͢Δ. ࣜ (4-11), (4-12)ΑΓ,
(0 < σ ≤ 1) α > 3 or α ≤ 2,
(1 < σ ≤ 2) α > 4− σ or α ≤ 2 (4-13)
ͱͳΔ͜ͱ͕Θ͔Δ. ࣮ۭؒͰͷ෼෍ؔ਺ P (X)ͷ઴ۙڍಈ͸, zۭؒͰͷ ϕ(z)ͷ
z → 1ͰͷಛҟੑʹΑܾͬͯ·Δ. ͦ͜Ͱ͞ΒʹղੳΛਐΊΔͨΊ, ࣜ (4-6)ͷ֤
߲ͷಛҟੑΛௐ΂Δ. ࣜ (4-6)ͷࠨลୈ߲̎͸࣍ͷΑ͏ʹॻ͖׵͑ΒΕΔ.
Sp =
∞∑
X=1
∞∑
n=X+1
wnP (n)
(
1
Xσ
1
zX
+
1
Xσ
1
z(n−X)
)
= Sp1 + Sp2, (4-14)
Sp1 =
∞∑
X=1
1
Xσ
1
zX
∞∑
n=X+1
wnP (n), (4-15)
Sp2 =
∞∑
X=1
1
Xσ
zX
∞∑
n=X+1
wnP (n)
zn
. (4-16)
ࣜ (4-9)ΛԾఆ͠, σ > 1ͱ͢Δͱ
wn =
(
n−1∑
s=1
1
sσ
)−1
∼ C2 +O(nσ−1) (4-17)
(C2͸ఆ਺)͕ಘΒΕΔ. ͜ΕΑΓ͕࣍ࣜಋ͔ΕΔ.
∞∑
n=X+1
wnP (n) ∼
∞∑
n=X+1
C2 +O(n
1−σ)
nα
∼ X1−α +O(X2−σ−α). (α ̸= 1)(4-18)
ࣜ (4-9)ʹରԠ͢Δ ϕ(z)ͷಛҟੑ͸ ϕs(z) ∼ (1− 1/z)α−1ͱͳΔͨΊ, Sp1ͷ࠷େ
ͷಛҟੑ͸
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ਤ 4-1: Sp2ͷಛҟ߲ͷ઴ۙڍಈ (α = σ = 1.75, ࠨ, ͓Αͼ α = σ = 1.9, ӈ) [6].
(Sp1)singular|z→1 ∼
(
1− 1
z
)σ+α−1−1
=
(
1− 1
z
)σ+α−2
(4-19)
Ͱ༩͑ΒΕΔ. ࣍ʹ, Sp2ͷಛҟੑΛධՁ͢Δ. ͦͷͨΊ࿨
∑
X+1 ∞αnP (n)/zn΁ͷ
ओཁͳد༩͸, Xͷॆ෼େ͖ͳྖҬ͔ΒདྷΔͱԾఆ͢Δ. α ≤ 2Ͱ, ฏۉΫϥελʔ
αΠζ ⟨X⟩͕ൃࢄ͢Δͱ͖͸, ࣗવͳԾఆͰ͋Δͱߟ͑ΒΕΔ. ͜ͷԾఆ͕੒ཱ͢
Δ৔߹, ࿨∑∞X+1wnP (n)/znͷ࠷΋ಛҟͳ෦෼͸C2∑∞1 P (n)/zn ∼ (1− 1/z)α−1
ͱͳΔ. ͜ΕΑΓ Sp2ͷಛҟੑ͸࣍ࣜͰධՁ͞ΕΔ.
(Sp2)singular|z→1 ∼ (1− z)σ−1
(
1− 1
z
)α−1
=
(
1− 1
z
)σ+α−2
. (4-20)
ࣜ (4-19), (4-20)Ͱ༩͑ΒΕΔಛҟੑ͸, ࣜ (4-6)ͷଞͷ߲ͷಛҟੑͱ௼Γ߹Θͳ͚
Ε͹ͳΒͳ͍. ࣜ (4-9)ʹରԠ͢Δ࠷େͷಛҟ߲͸ࣜ (4-6)ࠨลୈ߲̍ΑΓಘΒΕ,
ϕ(z)
2 ∼
{(
1− 1
z
)α−1}2
=
(
1− 1
z
)2α−2
(4-21)
ͱͳΔ. ࣜ (4-19)-(4-21)ͷൺֱΑΓ
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ਤ 4-2: ྦྷੵ෼෍ؔ਺ Cm(X) ͷγϛϡϨʔγϣϯ݁Ռ (N = 10000, ⟨X⟩ =
10000, σ = 1.75, ࠨ, ͓Αͼ σ = 1.9, ӈ) [6].
α = σ (4-22)
͕ಋ͔ΕΔ.
࣍ʹ, ͜͜Ͱͷٞ࿦Λ਺஋తʹݕূ͢Δ. ·ͣॏΈࢦ਺͕ 1 < σ ≤ 2ͷ৔߹ʹͭ
͍ͯ, Sp2ʹؔ͢ΔԾઃ, ࣜ (4-20). ͕੒ཱ͍ͯ͠Δ͔͔֬ΊΔ. α = σ = 1.75͓Α
ͼ α = σ = 1.9ʹ͓͚Δ Sp2ͷಛҟ߲ͷ઴ۙڍಈΛਤ 4-1ʹࣔ͢. ͜͜Ͱ͸ Sp2͸
Sp2|z∼1 ≃ (Sp2)singular + Cs
(
1− 1
z
)
(4-23)
(Cs͸ఆ਺)Ͱ༩͑ΒΕΔͱߟ͑, ਺஋తʹܭࢉͨ͠ Sp2͔Β (1− 1/z)ʹൺྫ͢Δ
෦෼ΛҾ͍ͨ࢒ΓΛಛҟ߲ (Sp2)singularͱΈͳͯ͠ٻΊͨ. ܭࢉ݁Ռ͸ࣜ (4-20)ͱ
ྑ͘Ұக͠, Sp2ʹؔ͢ΔԾઃ͸੒ཱ͍ͯ͠Δ͜ͱ͕෼͔Δ. ਤ 4-2ʹΫϥελʔ
αΠζͷྦྷੵ෼෍ؔ਺ Cm(X) = ΣY≥XP (Y )ͷγϛϡϨʔγϣϯ݁ՌΛࣔ͢. ྦྷ
ੵ෼෍ͷϕΩࢦ਺͸−(α− 1) = −(σ− 1)Ͱ༩͑ΒΕ, ࣜ (4-22)ͷ੒ཱ͕֬ೝ͞Ε
Δ. ਤ 4-2Ͱ͸X ∼ 108෇ۙʹڊେΫϥελʔ͕ଘࡏ͠, ෦෼ڽू͍ͯ͠ΔΑ͏ʹ
ݟ͑Δ. ͔͠͠, α < 2ʹ͓͍ͯ͸ฏۉΫϥελʔαΠζ͕ൃࢄ͠ ⟨X⟩ → ∞, ೤
ྗֶۃݶN →∞Ͱ͸෦෼ڽू͸ൃੜ͠ͳ͍. ͦͷͨΊ, γϛϡϨʔγϣϯʹ͓͚
ΔڊେΫϥελʔͷੜ੒͸, γεςϜαΠζͷ༗ݶαΠζޮՌͰ͋Δͱߟ͑ΒΕΔ.
Ұํ, σ > 2ͷ৔߹, Sp2 ʹؔ͢ΔԾઃ΍ࣜ (4-22)͸੒ཱ͠ͳ͍ͱߟ͑ΒΕΔ. ͦ
ͷཧ༝ͱͯ͠͸, σ > 2Ͱ͸ࣜ (4-22)͕੒ཱ͢ΔͱฏۉΫϥελʔαΠζ ⟨X⟩͸
ऩଋ͠, Sp2ͷಛҟੑΛධՁ͢Δࡍʹ༻͍ͨԾઃͱໃ६͢Δ͜ͱ͕ڍ͛ΒΕΔ. ਤ
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ਤ 4-3: ྦྷੵ෼෍ؔ਺ Cm(X) ͷγϛϡϨʔγϣϯ݁Ռ (N = 10000, ⟨X⟩ =
10000, σ = 2.5, ࠨ, ͓Αͼ σ = 2.75, ӈ) [6].
4-3ʹ σ = 2.5͓Αͼ 2.75Ͱͷྦྷੵ෼෍ͷγϛϡϨʔγϣϯ݁ՌΛࣔ͢. ϕΩࢦ਺
͸ α < σͱͳΓ, ࣜ (4-22)͸੒ཱ͠ͳ͍. σ →∞ͷۃݶ͸ 1-νοϐϯάաఔʹؼ
ண͠, α = 2.5ͱͳΔ͜ͱΑΓ, σ > 2ͷ৔߹, ϕΩࢦ਺͸Ұൠʹ 2.5 > α > 2Ͱ༩
͑ΒΕΔͱߟ͑ΒΕΔ. ࠓड़΂ͨΑ͏ʹ, σ > 2Ͱ͸< X >͸ऩଋ͠, ೤ྗֶۃݶ
N →∞Ͱ΋෦෼ڽू͢Δ. ͜ΕΑΓॏΈ෇͖෼ղաఔʹ͓͍ͯ͸ॏΈࢦ਺ σʹᮢ
஋ σc͕ଘࡏ͠, ෦෼ڽू͸
σ > σc = 2 (4-24)
Ͱൃੜ͢Δ͜ͱ͕ಋ͔ΕΔ.
5 ͓ΘΓʹ
ຊղઆͰ͸, ڽूͱ෼ղ͕ಉ࣌ʹى͍ͬͯ͜ΔΑ͏ͳϓϩηεͷಈతڍಈʹؔ͠
ͯ, ۙ೥զʑͷάϧʔϓ͕ߦ͖ͬͯͨཧ࿦తɾ਺஋తݚڀʹ͍ͭͯ঺հͨ͠. ෼ղ
ͰαΠζ 1ͷΫϥελʔͷΈ͕ੜ੒͢ΔڽूɾνοϐϯάաఔͰ͸, ฏۉΫϥελ
αΠζʔ ⟨X⟩ʹྟք఺ʢᮢ஋ʣ⟨X⟩c = 2.0͕ଘࡏ͠, ྟք఺Ҏ্ ⟨X⟩ > 2.0Ͱ͸ڊ
େΫϥελʔ͕܏͖−5/2ͷϕΩ෼෍ʹै͏Ϋϥελʔͱڞଘ͢Δ෦෼ڽू͕ग़ݱ
͢Δ. ෼ղͰੜ੒͢ΔΫϥελʔαΠζͷ੍ݶΛ؇Ί, Ұൠʹ L(> 1)ҎԼͱ͢Δ
ڽूɾ֦ுνοϐϯάաఔ΋΄΅ಉ͡ৼΔ෣͍ΛݟͤΔ. ͞Βʹ, ͜ͷ৔߹͸઴ۙ
తʹ܏͖−5/2ͷϕΩ෼෍͕ීวతʹ؍ଌ͞ΕΔ͜ͱ͕, ղੳతʹಋ͔ΕΔ. ͔͠
͠, ෼ղͰੜ੒͢ΔΫϥελʔαΠζʹ্ݶ L͕͋Γ, LΑΓେ͖ͳΫϥελʔ͸
શ͘ൃੜ͠ͳ͍ͱ͍͏੍໿͸͔ͳΓڧ͘, ݱ࣮ͷϓϩηεͰ͜ͷ৚݅Λຬͨ͢ྫ͸
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ਤ 4-3: ྦྷੵ෼෍ؔ਺ Cm(X) ͷγϛϡϨʔγϣϯ݁Ռ (N = 10000, ⟨X⟩ =
10000, σ = 2.5, ࠨ, ͓Αͼ σ = 2.75, ӈ) [6].
4-3ʹ σ = 2.5͓Αͼ 2.75Ͱͷྦྷੵ෼෍ͷγϛϡϨʔγϣϯ݁ՌΛࣔ͢. ϕΩࢦ਺
͸ α < σͱͳΓ, ࣜ (4-22)͸੒ཱ͠ͳ͍. σ →∞ͷۃݶ͸ 1-νοϐϯάաఔʹؼ
ண͠, α = 2.5ͱͳΔ͜ͱΑΓ, σ > 2ͷ৔߹, ϕΩࢦ਺͸Ұൠʹ 2.5 > α > 2Ͱ༩
͑ΒΕΔͱߟ͑ΒΕΔ. ࠓड़΂ͨΑ͏ʹ, σ > 2Ͱ͸< X >͸ऩଋ͠, ೤ྗֶۃݶ
N →∞Ͱ΋෦෼ڽू͢Δ. ͜ΕΑΓॏΈ෇͖෼ղաఔʹ͓͍ͯ͸ॏΈࢦ਺ σʹᮢ
஋ σc͕ଘࡏ͠, ෦෼ڽू͸
σ > σc = 2 (4-24)
Ͱൃੜ͢Δ͜ͱ͕ಋ͔ΕΔ.
5 ͓ΘΓʹ
ຊղઆͰ͸, ڽूͱ෼ղ͕ಉ࣌ʹى͍ͬͯ͜ΔΑ͏ͳϓϩηεͷಈతڍಈʹؔ͠
ͯ, ۙ೥զʑͷάϧʔϓ͕ߦ͖ͬͯͨཧ࿦తɾ਺஋తݚڀʹ͍ͭͯ঺հͨ͠. ෼ղ
ͰαΠζ 1ͷΫϥελʔͷΈ͕ੜ੒͢ΔڽूɾνοϐϯάաఔͰ͸, ฏۉΫϥελ
αΠζʔ ⟨X⟩ʹྟք఺ʢᮢ஋ʣ⟨X⟩c = 2.0͕ଘࡏ͠, ྟք఺Ҏ্ ⟨X⟩ > 2.0Ͱ͸ڊ
େΫϥελʔ͕܏͖−5/2ͷϕΩ෼෍ʹै͏Ϋϥελʔͱڞଘ͢Δ෦෼ڽू͕ग़ݱ
͢Δ. ෼ղͰੜ੒͢ΔΫϥελʔαΠζͷ੍ݶΛ؇Ί, Ұൠʹ L(> 1)ҎԼͱ͢Δ
ڽूɾ֦ுνοϐϯάաఔ΋΄΅ಉ͡ৼΔ෣͍ΛݟͤΔ. ͞Βʹ, ͜ͷ৔߹͸઴ۙ
తʹ܏͖−5/2ͷϕΩ෼෍͕ීวతʹ؍ଌ͞ΕΔ͜ͱ͕, ղੳతʹಋ͔ΕΔ. ͔͠
͠, ෼ղͰੜ੒͢ΔΫϥελʔαΠζʹ্ݶ L͕͋Γ, LΑΓେ͖ͳΫϥελʔ͸
શ͘ൃੜ͠ͳ͍ͱ͍͏੍໿͸͔ͳΓڧ͘, ݱ࣮ͷϓϩηεͰ͜ͷ৚݅Λຬͨ͢ྫ͸
ͦΕ΄Ͳଟ͘͸ͳ͍ͱߟ͑ΒΕΔ. ͦ͜Ͱ, ΫϥελʔαΠζͷ্ݶ͸֎͠, ୅Θ
ΓʹϕΩͷॏΈΛ෇͚ͨڽूɾॏΈ෇͖෼ղաఔʹ͍ͭͯௐ΂ͨ. ͦͷ݁Ռ, ॏΈ
ࢦ਺ σ͕ᮢ஋ σc = 2Ҏ্Ͱॆ෼େ͖ͳॏΈ͕ՃΘΓ, େ͖ͳΫϥελʔͷൃੜ͕
཈͑ΒΕΔ৔߹, ෦෼ڽू͕ى͜Δ͜ͱ͕໌Β͔ʹͳͬͨ. ݱ࣮ͷڽूɾ෼ղաఔ
Ͱ͸, ϕΩҎ֎ͷෳࡶͳॏΈֻ͕͔͍ͬͯΔ͜ͱ΋ଟ͍ͱࢥΘΕΔ͕, ͦͷΑ͏ͳ
৔߹Ͱ΋ॆ෼ͳॏΈ͕ՃΘΓେ͖ͳΫϥελʔ͕ੜ੒͞Εʹ͚͘Ε͹, ෦෼ڽू͢
Δͱظ଴͞ΕΔ.
ࣾձɾܦࡁݱ৅Ͱ͸ಠ઎اۀͷग़ݱͳͲ͕ڊେΫϥελʔͷੜ੒ʹରԠ͢Δͱߟ
͑ΒΕΔ. ͜ͷ৔߹, ಠ઎ͱ͸ݴͬͯ΋ࢢ৔͕׬શʹ͚̍ࣾͩͰ઎ΊΒΕΔ׬શڽ
ूঢ়ଶʹͳΔ͜ͱ͸ʢࢿຊओٛࣾձͰ͸ʣ΄ͱΜͲແ͘, খ͞ͳاۀͱڞଘ͢Δ෦
෼ڽूঢ়ଶ͕େ෦෼Ͱ͋Δͱߟ͑ΒΕΔ. ·ͨ, ଟ͘ͷۜՏܥʹ͓͍ͯ, ڊେϒϥο
Ϋϗʔϧͷଘࡏ΍߃੕ͷ࣭ྔ෼෍͕ϕΩ෼෍ʹै͏͜ͱ, ͕ใࠂ͞Ε͍ͯΔ͕, ͦ
ͷϝΧχζϜ͸ະͩղ໌͞Ε͍ͯͳ͍ [9]. ࠓޙ, ͜ΕΒͷݱ৅ͱຊղઆͰઆ໌ͨ͠
ڽूɾ෼ղաఔͷ෦෼ڽूݱ৅ͱͷؔ࿈ʹ͍ͭͯͷٞ࿦ͷਐల͕ظ଴͞ΕΔ.
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